1. Introduction {#sec1}
===============

In the last fifteen years there has been a strong increase in the research interest for neural recording systems \[[@bib1]\] and brain-computer interfaces (BCI) \[[@bib2]\]. In both cases, implanted micro-electrode arrays (MEA) and suitable integrated circuits are used to provide connectivity between the brain of a subject and an electronic device. The block scheme of the single channel of a typical neural recording system is shown in [Figure 1](#fig1){ref-type="fig"} \[[@bib2]\]. It is composed of a low-noise front-end amplifier, a band-pass filter and an analog-to-digital converter (ADC). In order to record simultaneously the signals coming from a number (100--1000) of neurons, the single processing channel is instantiated multiple times to efficiently detect neural spikes associated with epileptic seizures or Parkinson disease \[[@bib3], [@bib4], [@bib5], [@bib6], [@bib7]\]. Digitized samples are multiplexed and sent to a digital processor, that can be integrated on the same chip or external; in the latter case, an RF (radio-frequency) transmitter can be exploited to send the samples to an external processing unit. In closed loop architectures, the processed signals are used to drive on-chip stimulation channels.Figure 1Block scheme of a typical neural recording system.Figure 1

The electrode array and the associated integrated circuit (IC) are implanted into the brain of the subject, and this poses stringent requirements on the mechanical and electrical characteristics of the IC: it must be small and dissipate as little power as possible, to minimize heating and to allow powering by energy harvesting. This implies that a low-voltage low-power design approach is necessary for the receiver channel, together with silicon area minimization. Low power consumption avoids damage to the surrounding tissue and makes it easier to power the system with sources of limited power, and increases the maximum number of systems that can be integrated on the same chip, thus maximizing the number of neurons that can be monitored. Area occupation also improves the sensors' density.

Different signals in the band 1Hz-10kHz can be of interest for a BCI, with typical amplitude from tens to hundreds of $\mu V$.

This paper focuses on the design of the band-pass filter placed after the the front-end amplifier in the recording channel for the detection of fast ripples (FR) due to epileptic seizures. FR lie in the band 200--500Hz, whereas their amplitude ranges from a few μV to up 1mV. This block is of fundamental importance because it acts as anti-aliasing filter for the subsequent analog-to-digital converter, hence reducing the amount of undesired noise entering system. A 2^nd^ order tunable band-pass filter based on a fully differential Tow Thomas architecture has been chosen as anti-aliasing filter to ensure sufficient attenuation outside the band of interest with limited distortions. MOS (Metal Oxide Semiconductor) devices biased in the sub-threshold region are exploited to maximize power efficiency and achieve very low power consumption, and a switched-resistor approach is used to keep the Silicon area low. Because the bandwidth of the filter is inversely proportional to the product of a resistance and a capacitance, implementing very-high resistances with the switched-resistor technique allows reducing the capacitance values, and hence their area occupation.

This paper is organized as follows: Section [2](#sec2){ref-type="sec"} introduces the architecture of the biquad filter and its switched resistor implementation, Section [3](#sec3){ref-type="sec"} deals with circuit level design, Section [4](#sec4){ref-type="sec"} presents the simulation results, and finally, Section [5](#sec5){ref-type="sec"} presents conclusions and a comparison against the state of the art.

2. Biquad filter topology {#sec2}
=========================

2.1. Biquad filter architecture {#sec2.1}
-------------------------------

The architecture of the biquadratic filter is shown in [Figure 2](#fig2){ref-type="fig"}.Figure 2Fully differential Tow Thomas biquad architecture.Figure 2

Referring to the circuit in [Figure 2](#fig2){ref-type="fig"}, the transfer function between the output of the band-pass filter $V_{BP}$ and the input signal $V_{IN}$ can be easily derived when assuming ideal fully differential amplifiers:$$\frac{V_{BP}}{V_{IN}} = \frac{sK\omega_{0}}{s^{2} + s\frac{\omega_{0}}{Q} + \omega_{0}^{2}}$$where $R_{k} = \frac{R}{K}$, $R_{Q} = R \cdot \text{Q~}$ and$$\omega_{0} = \frac{1}{RC}$$

The band-pass transfer function has a peak gain of $Q \cdot K$at $\omega_{0}$and both $Q$(the quality factor) and $K$are set by the ratio between two resistors, so that they are stable under process, temperature and supply voltage (PVT) variations, except for eventual high-order parasitic effects not accounted for in [(1)](#fd1){ref-type="disp-formula"}. $K$is the DC gain of the lowpass output $V_{LP}$, and the peak gain of $V_{LP}$tends to $Q \cdot K$ for $Q \gg 1$.

Hence, the maximum output swing will occur at $V_{BP}$ at $\omega_{0}$, and this will set a limit to linearity performance at high input signal swing. Another limitation to linearity is due to the maximum slew-rate and output current of the OTAs (Operational Transconductance Amplifier): the first OTA in [Figure 1](#fig1){ref-type="fig"} drives $G + G_{Q} + sC + Y_{L}^{BP}$ (where $Y_{L}^{BP}$ is the load admittance on the band-pass output), and the second one drives $G + sC + Y_{L}^{LP}$(where $Y_{L}^{LP}$is the load admittance on the lowpass output). The OTAs will need to be designed with sufficient voltage output swing, peak output current, and slew-rate.

The resonance frequency of the stage is $\omega_{0}$ in [(2)](#fd2){ref-type="disp-formula"}, and it varies inversely to the product of a (switched) resistor and a capacitor. Hence, the resonance frequency will change with PVT variations, and these variations will need to be counteracted by an adequate tuning system.

In conclusion, except for mismatches and higher-order parasitic effects, the filter in [Figure 2](#fig2){ref-type="fig"} should have constant gain and quality factor, and varying (but tunable and thus controllable) resonance frequency.

2.2. Switched resistors implementation {#sec2.2}
--------------------------------------

Given the extremely low resonance frequencies of the biquadratic filter, very large capacitors and/or very high resistances are required, as demonstrated by [Eq. (2)](#fd2){ref-type="disp-formula"}: both solutions require extremely large silicon area to be implemented. To minimize area consumption, we propose using small MIM (metal-insulator-metal) capacitors and achieving large resistance values using the switched-resistor (SR) approach \[[@bib8], [@bib9]\].

In the SR approach, an equivalent high-value resistance is obtained by the series connection of a physical resistor and a MOS switch, as shown in [Figure 3](#fig3){ref-type="fig"}. The latter is driven by a clock signal with a frequency *f*~*CK*~ and a duty cycle $\delta$: by changing the duty cycle, the average current flowing into the resistor *R* is$$I_{avg} = \delta\frac{V_{1} - V_{2}}{R}$$where *V*~*1*~ and *V*~*2*~ are the voltages at the resistor terminals, thus the equivalent resistance is given by$$R_{eq} = R/\delta$$Figure 3Switched-resistor principle.Figure 3

With respect to the switched-capacitor (SC) approach, the SR approach provides higher linearity and less noise, but requires OTAs with larger bandwidth and higher slew rate, to cope with the fast clock transients. The equivalent resistance can be ideally tuned from *R* to infinite by changing the duty cycle of the clock, but the switch series resistance *r*~*on*~ and practical limits to the minimum value of $\delta$ have to be considered.

A high resistivity polysilicon (hipo) resistor can be used to implement a large physical resistor in a limited area. Then, adopting the SR approach with a very small duty cycle, a very large equivalent resistance can be obtained. When using this approach, the MOS switch has to be sized as a tradeoff between low area consumption and parasitic capacitance versus a low value of the on resistance *r*~*on*~, of the switch. In fact, since *r*~*on*~ is nonlinear, its value has to be negligible with respect to the value of the physical resistor in order to not affect the overall linearity.

The clock frequency $f_{CK}$ has to be much larger than the maximum signal frequency, to avoid aliasing, as in all switched systems.

3. Circuit design {#sec3}
=================

The 2^nd^ order switched-resistor band-pass filter has been designed referring to a commercial 130nm CMOS (Complementary MOS) technology, to achieve a resonant frequency of 375Hz with a quality factor *Q* = 5 in nominal conditions.

With reference to [Figure 2](#fig2){ref-type="fig"}, MIM capacitors *C* of 5 pF have been used: the required resistances are thus, assuming $K = 1$, $R = R_{K} = 84.88M\text{Ω}$ and $R_{Q} = Q \cdot R = 424.4M\text{Ω}$*.*

To minimize the silicon area, these huge resistances have been implemented by the SR approach, starting from 200k$\Omega$ hipo resistors and using a 100kHz clock signal. We get from [(4)](#fd4){ref-type="disp-formula"} that the required duty cycle is $\delta_{1} = 0.236\%$ for resistor *R* and $\delta_{1Q} = 0.047\%$for resistor $R_{Q}$. With these settings the clock pulses driving the switch last 23.56 ns and 4.71 ns respectively. From [(2](#fd2){ref-type="disp-formula"}(2) and (4)[(4)](#fd4){ref-type="disp-formula"} we get that the resonance frequency depends on the values of the capacitor, the value of the hipo resistor and the duty cycle of the clock: this approach is thus sensitive to process variations that affect the physical components, but can be calibrated by an automatic tuning system that sets the correct value of the duty cycle.

A fine control on the duty cycle is required and can be achieved by a digital servo loop or an automatic digital tuning loop \[[@bib10], [@bib11], [@bib12]\]. Such control schemes allow also keeping the quality factor of the biquad under control.

The OTAs utilized in the biquad architecture of [Figure 2](#fig2){ref-type="fig"} have been designed to provide a high gain of at least 100dB and a unity-gain frequency in excess of 159kHz, to be able to process the current spikes due to the fast clock pulses applied to the switches. These specifications have led to the use of the fully-differential 2-stage OTA topology with cascode output stages shown in [Figure 4](#fig4){ref-type="fig"}, that is able to provide a dc gain of the order of *A*~*0*~^3^, where *A*~*0*~ is the intrinsic gain of the MOS devices.Figure 4Schematic of the OTAs adopted to implement the biquad filter.Figure 4

A triode-based common-mode feedback (CMFB) solution has been adopted to avoid additional current branches.

[Table 1](#tbl1){ref-type="table"} reports device sizing for the OTAs: a 10nA tail current is used for the input differential pair and 40nA for each one of the output branches, with all the transistors biased in sub-threshold region. The Miller compensation capacitors have been set to 150fF.Table 1Device sizing for circuit in [Figure 4](#fig4){ref-type="fig"}Table IMOS devicesW/L \[$\mu m\rbrack$Number of FingersM1, M20.15/0.781M3, M46/0.788M50.65/0.782M6, M102/0.786M7, M110.8/0.784M8, M123/0.788M9, M137/0.788M140.9/0.781M150.57/0.782M160.3/0.782M176.1/0.788M18, M19, M20, M21, M22, M230.15/0.91

To improve the performance of switched resistors, the switch shown in [Figure 3](#fig3){ref-type="fig"} has been implemented by means of a transmission gate (*TG*~*1*~). Furthermore, in all the switched resistors driving an input of the OTAs (e. g. $R$ and $R_{K}$) an additional transmission gate switch (*TG*~*2*~) providing a path to ground and driven by a clock signal with the same frequency, but different duty cycle with respect to *TG*~*1*~ has been added as shown in [Figure 5](#fig5){ref-type="fig"}. In fact, as mentioned above, the SR driving the OTAs inputs require a good virtual ground to accurately process the current spikes due to the fast clock pulses applied to the switches. The additional path to ground provided by *TG*~*2*~ driven with a different duty cycle allowed to strongly relax the bandwidth requirement for the OTAs and therefore to strongly reduce the power consumption of whole filter.Figure 5Implementation of SR by using two Transmission Gates (TG) switches.Figure 5

The nominal duty cycles adopted in this work to achieve a resonant frequency of 375Hz with a quality factor *Q* = 5 are reported in [Table 2](#tbl2){ref-type="table"}.Table 2Nominal values for the SR duty cycles.Table IIDuty Cycles$\delta_{1}$$\delta_{1Q}$$\delta_{2}$3.251%0.575%1.570%

4. Simulation results {#sec4}
=====================

Simulation results of the AC frequency response of the filter are reported in [Figure 6](#fig6){ref-type="fig"} showing a 375Hz resonance frequency and a quality factor Q of about 5. The biquad filter exhibits a total power consumption of only 170nW from a supply voltage of 0.8V, providing a figure of merit (FOM) of 80nW/pole.Figure 6Frequency response of the filter for the nominal duty cycle setting.Figure 6

[Figure 7](#fig7){ref-type="fig"} shows the time domain response to an input two-tone wave with the tones at 350Hz and 400Hz (a), and its spectrum (b), highlighting a SFDR (Spurious Free Dynamic Range) in excess of 60dB.Figure 7Two-tone response of the filter in time (a) and frequency (b).Figure 7

[Figure 8](#fig8){ref-type="fig"} reports the frequency response of the filter when the duty cycle of switched resistors is properly adjusted showing a tuning range of the resonance frequency of the biquad filter from about 200Hz to about 400Hz. This tuning capability can be used to compensate the effects of process, temperature and supply voltage variations.Figure 8Frequency response for different duty cycle settings to show the tuning capability of the filter.Figure 8

5. Conclusions and comparisons {#sec5}
==============================

In this paper, we show the results for a second-order biquadratic filter based on a switched-resistor technique. The filter requires low area occupation and low power consumption because of its use in neural recording systems: hundreds of receivers, including the filter, can be integrated on the same chip to monitor individual neurons, and need to generate as little heat as possible not to damage the biological tissues. The SR technique allows achieving a low power consumption of 170nW for a band-pass filter with a bandwidth of 75Hz around 375Hz ($Q = 5$). The filter\'s frequency response is tunable by changing the duty cycle of the clock controlling the SR devices. The filter\'s area occupation is low, owing to the large value of the SR resistors, allowing the use of smaller capacitors.

In order to compare the proposed biquadratic filter with other state of the art front-ends for neural recording applications, we have estimated the performance of a front-end made up of the filter presented in this paper and the front-end that we proposed in \[[@bib13]\], which has been redesigned in the same 130nm CMOS technology adopted for the filter. The redesigned front-end exhibits a power consumption of about 1μW with performances in good agreement with the original design. The input capacitors of the front-end have been reduced from 10pF to 0.5pF, resulting in a low cutoff frequency increase and in an area reduction. [Table 3](#tbl3){ref-type="table"} shows a comparison with the literature highlighting how the proposed circuits outperform previous designs in terms of supply voltage, power consumption and FOM. Our system requires the lowest supply voltage (0.8V) among those we found in the literature, and has the lower power consumption and power consumption per number of poles (FOM). It has also the lowest area occupation. All in all, the SR technique appears to be promising for designing integrated circuits for neural recording applications.Table 3Comparison with state of the art front-ends for neural recording applications.Table IIIThis work\[[@bib6]\]\[[@bib14]\]\[[@bib15]\]\[[@bib16]\]CMOS node (nm)130600180180500Order of the Filter26222Supply Voltage (V)0.82.813.31.8Power (μW)1.174.53.551.49.8Gain (dB)5428.5536045Bandwidth (Hz)75250--4861003--40075Gain Ripple (dB)-0.5\-\--Die area (mm^2^)0.0750.450.30.140.03FOM (μW/pole)0.580.751.7520.74.9
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